The present paper investigates the extension behavior of a wormlike chain with varied persistence length under the confinement of a cylindrical tube. Based on Odijk's theory of a confined polymer chain, we have developed a theory which can describe the mechanical behavior of wormlike chain with varying bending rigidities along the chain. In order to validate our model, we also performed large numbers of Brownian dynamics simulations based on the generalized bead-model (GBR), which illustrate that our theory is in good agreement with simulational results.
Introduction
Over the past two decades, double-stranded DNA molecules have emerged as an important system in polymer physics, with applications in confined polymers [1] [2] [3] [4] , rheology [5] , transport in model porous media [6, 7] , DNA-protein interactions [8] [9] [10] [11] [12] , and nucleosome position along the DNA chain [13, 14] . The value of DNA persistence length, closely related to the bending rigidity of double helix, is vital important for quantitative analysis of many aspects of DNA functioning.
Often, the persistence length is obtained from force-extension experiments [15] or polyelectrolyte theory [16] . These methods often assume that the persistence length of DNA is a constant value, which does not depend on DNA sequence. Correspondingly, the classic wormlike chain model [17] [18] [19] [20] [21] , which describes the mechanical behavior of DNA or other filaments, is built on the foundation of constant persistence length along the chain. In the regime D P L = = , corresponding to a long, tightly confined polymer, Odijk [19] [20] [21] showed that the free energy of confinement, F D , and length of the channel, R P , occupied by the polymer are given by
where D is the diameter of the cylinder tube, P is the persistence length, L is the contour length of the polymer chain, However, recent research showed that the persistence length of DNA depends on the specific sequence constitution. Using circa 7 5 10 measurements of DNA extension in nanochannels, Chuang et al. [23] found that the 2% increase in fractional extension as GC content increase translates into a persistence length that varies by almost 20% due to the relatively weak dependence of the fractional extension on persistence length in the Odijk regime [19] [20] [21] . Making use of large numbers of DNA fragments with various quasi-periodic sequences, Geggier et al. [24] obtained the persistence length for the 10 dinucleotide steps [25] and gave a simple formula to calculate the equivalent persistence length of DNA fragments with different sequences based on 10 dinucleotide-step model. Xiaojing Teng et al. [11] confirmed that the persistence length of DNA chain is relying on the DNA sequence and also give the persistence length of different dinucleotide steps. Nevertheless, theoretical investigations on the mechanical behavior of WLC with varying persistence length along the chain has not been adequately emphasized [26] [27] [28] [29] and the corresponding literature are very rare over the last decade.
In this paper, we develop a theory, which can describe the extension of confined WLC with varied persistence length along the chain. In order to verify our model, we also performed large numbers of Brownian dynamics simulations based on the generalized bead-model (GBR) [4] , which illustrate that our theory is in good agreement with simulational results. , , x y z are placed at the center of the tube so that the z -axis is along the tube axis. The position vector along the arc length s of the chain is Based on eq (5), we can get
Under the condition of variable persistence length ( ) P s , we define ( ) 0 1 L P P s ds L º ò (7) as the equivalent persistence length of the chain. Yamakawa and Fujii [19, 30] have derived various averages for wormlike coils near the rod limit, i.e. ( ) ( )
Therefore, the mean-square average deviation away from the z -axis due to thermal fluctuations is given by 
Based on Odijk's work [19] , we can get the equivalent Odijk deflection length l via eq (10) when we let the mean-square average deviation be of the same order as ( )
According to Ref. [1, 19] , we can get
where c is a numerically determined dimensionless prefactor. Insert eq (13) into eq (6), and we can get
If ( ) P s P = is a constant value, eq (14) can reduce to
Comparing eq (15) with eq (2) gives that 0 1 2c a = , and eq (14) reduce to a more simple expression, i.e.
Next, we can use specific expression of ( ) P s to verify eq (16) . For the linearly variable persistence length along the chain, i.e.,
where k is a dimensionless factor and 1 P has the same dimension as the persistence length, we can get ( )
For the periodically variable persistence length along the chain, i.e., 
( )
where 0,1, 2,3... n = is the period number , 1 l is the arc length with ( ) 2 P s P = , 2 1 l l is the arc length with ( ) 3 P s P = and ( ) 2 1 l L n = + is the period length, we can obtain that ( )
Brownian dynamics simulations
In this section, we briefly describe Brownian dynamics simulations which we performed to verify the extension of the wormlike chain with variable bending rigidity proposed in the previous section.
The simulations were based on the GBR model of a wormlike chain under strong confinements [1-4, 31, 32] .
In the GBR model, a semiflexible polymer chain or filament is depicted as N identical virtual beads of radius a connected by 1 Ninextensible rods of length b with the unit tangent vectors j u ( 1, 1,2,..., 1
). The contour length of the polymer chain is ( )
introduced for simulating hydrodynamic interactions between different sections. After the hard rod constraint is implemented through the linear constraint solver (LINCS) [33] , the new position vector
where ( ) Specific considerations are required for numerical simulations of spatially confined wormlike chains. Peters et al. [34] introduced an efficient algorithm for the Brownian dynamics of a bead near the reflecting wall. In their method, the errors of discretization are kept on the order of ( ) t o D to handle the boundary conditions, while a naive approach of identifying reflection processes by checking boundary crossings usually yields errors on the order of ( ) t o D [34] . Their approach has been adjusted to polymer confinements in the GBR model [4] . For the collective motion of many beads in the bead-rod wormlike chain, we adopt the j th bead with current position ( ) n j r under cylindrical tube to demonstrate the algorithm. If the bead is located close enough to the reflecting wall, e.g.,
the stochastic movement caused by the reflecting wall is given by
n j n j n j wall n j n j n j
is the current relative radial position of the j th bead and more details about functions 1 2 , f f can be found in Ref. [4] . The wall of confining nanochannel is assumed to influence the motion of a bead only if the distance between the bead and the wall is smaller than 5D t D . Therefore, we set 
Results and discussions
Based on GBR model, Brownian dynamics simulations have been performed for wormlike chains in cylindrical tube of different diameter. In all simulations, the chains are initially set in a straight configuration and tube confinements are then applied during the chains' relaxation. We record the extension of the polymer chain along the zaxis, R P , at an fixed time increment. Each data point in the figures is obtained by averaging the recorded values for 12 trajectories with different random seeds. All the chains were simulated for a total time of 2 ms with same parameters: bead radius 1.7 nm , rod length 4 nm , timestep 50 ps , viscosity of water Under the condition of the linearly changing persistence length along the chain, Fig. 2 and 3 illustrate the comparison of Brownian dynamics simulation results with corresponding theoretical predictions based on eq (18) . In Fig. 2 For the periodically variable persistence length along the chain, Fig 4 and 5 show the comparison of Brownian dynamics simulation results and theoretical predictions based on eq (21) . In Fig. 4 and 5, the simulations were conducted under the confinement of cylindrical tube with different diameters 5 ,10 ,15 D nm nm nm = . It can be seen from Fig. 4 and 5 that the simulation results are in good agreement with those predicted by our theory. 
Conclusion
Based on Odijk's theory [19] [20] [21] on confined polymers, we have developed a theory, which can describe the extension behavior of WLC with varied persistence length along the chain under the confinement of narrow cylindrical tube. In order to validate our model, we have also performed large numbers of Brownian dynamics simulations based on the generalized bead-model (GBR) [4] to investigate the extension behavior of a wormlike chain confined in a nanotube, and the simulational results are in good agreement with our theory.
